The lectin Yos9 engages protein determinants of ER-associated degradation (ERAD) substrates in vivo. Results: Binding of Yos9 to model unfolded substrates in vitro triggers its aggregation. Conclusion: Substrate-induced aggregation of Yos9 may play a role in the regulation of ERAD. Significance: This work demonstrates specific binding of Yos9 to protein substrates and reveals a novel consequence of this interaction.
Nascent proteins destined for the secretory pathway enter the specialized environment of the endoplasmic reticulum (ER) 4 as linear polypeptides that must fold into their native conformations. The complex topologies and numerous domains of many secreted proteins in conjunction with their high flux into the ER make folding of these proteins particularly challenging. Even with chaperone assistance, some of these proteins are not able to reach their native states and are considered terminally misfolded. To prevent transit of these nonfunctional proteins through the secretory system as well as formation of detrimental aggregates, eukaryotes efficiently eliminate them via a series of conserved pathways termed ER-associated degradation (ERAD). These pathways use multiple factors to recognize misfolded proteins and retrotranslocate them into the cytoplasm where they are ubiquitinated by the E3 ubiquitin ligase Hrd1 and degraded by the proteasome.
The ERAD machinery faces a challenging problem in specificity. Insufficient degradation causes accumulation of misfolded proteins, which is associated with disease, including neurodegenerative diseases such as Alzheimer disease (1) , whereas excessive degradation causes the loss of potentially functional proteins as in cystic fibrosis (2) . To ensure efficient disposal of misfolded glycoproteins found in the ER lumen, cells employ a two-part commitment signal. These ERAD substrates must display glycans with a terminal ␣1,6-linked mannose (3) (4) (5) as well as unfolded protein determinants that remain poorly defined (6) . These requirements have been primarily characterized for the model substrate CPY*, which is the G255R variant of budding yeast carboxypeptidase Y (CPY) that is misfolded and degraded via ERAD (7) . CPY* has four glycans, of which the one closest to the C terminus is necessary and sufficient to signal destruction of the full-length protein (4, 5) . To affect ERAD of glycoproteins, the mannosidase Htm1 modifies substrate glycans (8) to reveal a terminal ␣1,6-linked mannose that is subsequently recognized by the ER-resident lectin, Yos9 (3, 9 -11) . Yos9 binds this signal glycan via its well conserved mannose receptor homology (MRH) domain, the selectivity of which was elucidated by the crystal structure of the MRH domain from the Yos9 human homolog, OS-9, in complex with ␣3,␣6-mannopentaose (12) . Although the proper gly-can is necessary for ERAD of glycoproteins, it is not sufficient; these ERAD substrates must also possess some misfolded character.
Members of a "luminal surveillance complex" recognize the protein determinant required for ERAD, recruit substrates to Hrd1-associated machinery, and activate downstream events that commit substrates for degradation (13, 14) . These events are orchestrated by Kar2, an ER-localized Hsp70, Hrd3, a membrane-bound component of the Hrd1 complex, and Yos9. As a chaperone, Kar2 plays a crucial role in maintaining the solubility of ERAD substrates prior to retrotranslocation (15) . Hrd3 binds CPY* (14, 16) and has been proposed to act as a substrate recruitment factor for the Hrd1 ligase given its role in stabilizing (17, 18) and activating (14) the Hrd1 ligase. Yos9 is also able to directly interact with CPY*, and this binding is independent of its activity as a lectin. Previous work has shown that both wild type and a lectin mutant (R200A) of Yos9 immunoprecipitate CPY* with or without its glycans (9, 13, 19) . Following these findings, Yos9 has been proposed to have additional roles in which it retains misfolded proteins in the ER (19, 20) and facilitates degradation of nonglycosylated proteins (21) .
Given that Yos9 can bind both the signal glycan as well as misfolded protein determinants, we hypothesized that Yos9 may contribute to the integration of both signals required for ERAD. To explore this possibility, we characterized the binding of misfolded proteins by Yos9 in vitro. Using both the fulllength protein as well as a proteolytically derived variant of Yos9 that is functional in vivo, we show that Yos9 exhibits sequence-specific recognition of linear peptides from CPY* and that binding either a model unfolded protein or peptide in vitro results in the aggregation of Yos9 with its binding partner. This substrate-induced aggregation constitutes a novel property of Yos9 that has the potential to be biologically important for its function in ERAD.
EXPERIMENTAL PROCEDURES
Limited Proteolysis of Yos9 -Limited proteolysis was carried out by treating 100 g of purified Yos9 with 0.005 units of elastase (5 l of 1 unit/ml, where 1 unit is defined as 9.6 units/ mg) in a 250-l reaction (10 mM Hepes, 150 mM NaCl, 1 mM CaCl 2 , 10% glycerol, pH 7.4) for 2.5 h at 23°C and mixing continuously at 500 rpm. The reaction was quenched by the addition of guanidine chloride crystals until saturation and run on a gel, which was stained with Coomassie Blue R-250. Bands were cut out, and mass spectrometry was performed by the David King laboratory (University of California at Berkeley). The mass of the predominant cleavage product was confirmed to be 45,401-45,403 Da. For comparison, Yos9(22-421) is calculated to be 45,407 Da.
Yos9 Purification and Refolding-His-tagged Yos9 or Yos9(22-421) was purified as described previously (3), with the exception that the gel filtration was done in 10 mM Hepes, 150 mM NaCl, pH 7.4.
Circular Dichroism Spectroscopy-Measurements were conducted on a Jasco J-715 spectrometer in a 2-mm cuvette at 20°C. Samples contained 0.05 mg/ml Yos9(22-421) in 0.1 M sodium phosphate, pH 7.4. The spectrum was recorded over the range of 195-250 nm at a scanning speed of 5 nm/min and a bandwidth of 1.0 nm.
Size Exclusion Chromatography (SEC) Multiangle Light Scattering (MALS)-Molecular weight determination for purified Yos9 and Yos9 was done by SEC (Shodex KW-803 column) with an Ettan LC (GE Healthcare) and in-line DAWN HELEOS MALS and OPTILab rEX differential refractive index detectors (Wyatt Technology Corp.). Data were analyzed by the ASTRA V software package. SEC was performed in 10 mM Hepes, 150 mM NaCl, pH 7.4.
Cycloheximide Degradation Assays-CPY* degradation was measured in a Saccharomyces cerevisiae S288C strain with a genomic copy of either Yos9 (wild type) or Yos9 . The Yos9(22-421) strain (yJW1759) was constructed via a URA3 intermediate and retains both the endogenous promoter and terminator. Cycloheximide chase degradation assays were performed as described previously (3, 13) . The HA epitope (on CPY*) was detected using a 12CA5 monoclonal antibody (Roche Applied Science) at 1:1000. Hexokinase was used as a loading control and was detected by an anti-hexokinase antibody (US Biologicals) at 1:1200.
Peptide Array-The peptide array (W1007 B) was made by the MIT Biopolymers Laboratory for the Peter Walter laboratory. The CPY* tiling arrays was composed of 18-mer peptides that tiled through the CPY* sequence 3 amino acids at a time. To calculate the affinity of Yos9 for different amino acids, a larger tiled peptide array was used that included sequences from CPY*, mouse insulin, myelin protein zero, protein 8ab from SARS-CoV virus, and peptides known to bind BiP (22, 23) .
The arrays were processed according to a protocol described previously (24) with some modifications. The array was incubated in methanol for 10 min and then washed three times in buffer (10 mM Hepes, 150 mM NaCl, 0.05% Tween 20, pH 7.4) for 10 min. The array was then incubated for 1 h at room temperature with 1.1 M Yos9(22-421). The array was then washed again three times for 10 min in the buffer above. Using a semi-dry transfer apparatus, bound Yos9(22-421) was transferred to a nitrocellulose membrane and detected with an anti-His 6 tag antibody (Abcam 3H2201). The array was stripped before re-use (25) .
Fluorescence Anisotropy-Synthetic peptides (Elim Biosciences) were purified to Ͼ90% purity, and the identities were confirmed by mass spectrometry. Peptides were labeled with the fluorophore fluorescein amidite (FAM). The following peptides were used in this study: ⌬EspP-FAM (MKK HKR ILA LCF LGL LQS SYS FA K(5-FAM)-NH 2 ); ⌬EspP (MKK HKR ILA LCF LGL LQS SYS AAK KKK).
For binding of Yos9 to ⌬EspP-FAM, changes in fluorescence anisotropy were measured on a Spectramax-M5 plate reader using a protocol described previously (24) . Increasing concentrations of Yos9 were added to 50 nM FAM-labeled peptides in 20-l reactions, and after a 30-min incubation, readings were made with ex ϭ 485 nm and em ϭ 525 nm. Anisotropy values are reported as an average of three separate titrations.
For binding of Yos9 to ⌬131⌬ labeled with the fluorophore 5-((((2-iodoacetyl) amino)ethyl) amino)naphthalene-1-sulfonic acid (IAEDANS), changes in fluorescence anisotropy were measured on a Jobin Yvon fluorometer with excitation and emission monochromator slits both set to 7 nm, an integration time of 1 s, and with ex ϭ 340 nm and em ϭ 480 nm. Increasing concentrations of Yos9 were added to 1.25 M ⌬131⌬. Values are reported as an average of four readings. IAEDANS-labeled ⌬131⌬ was donated by the Agard laboratory and made as described previously (26) .
For both ⌬EspP-FAM and IAEDANS-labeled ⌬131⌬ data sets, anisotropy (r) values were calculated from Equation 1,
where I para and I perp are the measured intensities when the excitation and emission polarizers are parallel or perpendicular, respectively. Binding constants were calculated by fitting the data to Equation 2,
where [Yos9] is the concentration of Yos9; n is the Hill coefficient (assumed to be 1 for the case of Yos9 at low concentrations), and K d is the dissociation constant. The variables r free and r bound were fixed to the anisotropy of the peptide alone and the maximum anisotropy observed in the presence of Yos9, respectively.
Purification of 15 N-Labeled ⌬131⌬ and Nuclear Magnetic Resonance (NMR) Spectroscopy-The expression and purification of ⌬131⌬ from Escherichia coli were performed as described previously (27) with the following modifications for isotopic labeling. ⌬131⌬ was expressed beginning with a 20-ml overnight starter culture in LB that was spun down and resuspended in 1 liter of M9 minimal growth media supplemented with 1 g/liter [ 15 N]ammonium chloride and 0.5 g/liter ISOGRO growth supplement (Sigma).
HSQC data of ⌬131⌬ in buffer (25 mM MES, 150 mM NaCl, pH 6) were acquired on the University of California at Berkeley 900-MHz spectrometer with a cryoprobe using a fast HSQC pulse sequence from Mark Kelly (University of California at San Francisco). An initial HSQC of 143 M ⌬131⌬ was acquired followed by HSQC after serial additions of Yos9 . Data were processed with NMRPipe (28), and peak height analysis was performed with the ccpn analysis software. ⌬131⌬ assignments were transferred from a previously published study (29) .
Dynamic Light Scattering (DLS)-DLS measurements were done on a DynaPro MS/X light scattering instrument (Wyatt Technology). The laser is a 55-milliwatt laser and 826.6 nm; detection angle is 90°. Samples were prepared in 10 mM Hepes, 100 mM NaCl, 1 mM CaCl 2 , 10 mM MgCl 2 , pH 7.4, and solutions were filtered immediately prior to mixing. The laser power was 100%. Data were analyzed with Dynamics Version 6 software. Histograms represent the average of three independent data sets (except for Yos9(22-421) plus bovine serum albumin (BSA) for which there was only a single measurement at the specified concentration) each with at least 10 measurements.
Aggregate Centrifugation Assay-Protein solutions were centrifuged for 15 min at 20,000 ϫ g after which the supernatant was separated from the pellet. SDS-loading buffer was added to samples, and they were run on a 4 -12% SDS-polyacrylamide gel in MES buffer followed by staining with Coomassie Blue R-250.
RESULTS

Truncated Variant of Yos9 Is Folded and Functional in Vivo-
To assist in the biophysical characterization of Yos9, we sought to define a compact, stable domain that retained functionality in vivo. To this end, we carried out limited proteolysis of purified, recombinant Yos9. Using elastase, we identified a well defined 45-kDa fragment that by mass spectrometry corresponded to residues 22-421 ( Fig. 1, A and B) and was similar to a truncation variant previously shown to be structured by circular dichroism (30) . This fragment, Yos9(22-421), does not include the signal sequence or C-terminal residues that are part of a region predicted to be disordered by FoldIndex (31) . Importantly, when integrated into the genome in place of the fulllength protein, Yos9(22-421) facilitates CPY* degradation in a manner indistinguishable from full-length Yos9 (Fig. 1C ). Thus, Yos9(22-421) represents a compact, folded domain that is sufficient to support Yos9-mediated degradation of a glycoprotein in vivo.
In vitro, Yos9(22-421) also behaved similarly to the fulllength protein. Following renaturation, recombinant Yos9(22-421) appeared folded by circular dichroism in agreement with previous studies (3, 30) indicating secondary structure similar to that of the full-length protein (Fig. 1D ). In addition, Yos9(22-421) binds fluorescently labeled mannotriose with an affinity similar to that observed for Yos9 (supplemental Fig. S1 ). Currently, there is no consensus in the literature regarding the oligomeric state of Yos9 (3, 30) . Previous work hypothesized that Yos9 exists as a trimer (3), but this was based on its volume of elution from a size exclusion column, which may have overestimated the molecular weight due to the presence of disordered regions. In another study, the crystal structure of a portion of Yos9 (Yos9(226 -424)) showed that it could form a dimer (30) . The authors (30) confirmed this interaction via solution measurements in vitro, but they could not detect the dimer or find evidence of its function in vivo. We determined the molecular weight of both full-length and Yos9 in solution using size exclusion chromatography multiangle light scattering (SEC-MALS), and we found that these weights were consistent with both species existing as monomers ( Fig. 1E) . Although the molecular weights were constant over a range of concentrations (8 -116 M), it is possible that a low affinity dimer could dissociate within the SEC column producing the observed results.
Yos9 Binds Specific Regions of CPY* in Vitro-To determine whether Yos9 specifically recognizes protein components of an ERAD substrate, we first identified binding sites for Yos9 along the sequence of CPY*. Using a peptide array created by tiling along the entire sequence of CPY*, we queried the binding of Yos9(22-421) to specific 18-amino acid segments of CPY* presented as linear epitopes (as they might be encountered in the context of an unfolded or misfolded protein) ( Fig. 2A) . We quantified the observed binding pattern by averaging Yos9 binding intensities for each amino acid along the sequence of CPY* and found that Yos9(22-421) exhibited a binding signature highlighting four regions of enhanced affinity (Fig. 2B ). This signature also appears to be specific as Ire1, the luminal sensor for the unfolded protein response (UPR), shows a different binding signature with the same CPY* peptide array (24) . Although none of the CPY* peptides were glycosylated, Yos9(22-421) bound to areas near the positions of the second, third, and fourth glycans as well as near the region that Ire1 binds most strongly (24) . An analysis of the amino acid composition of the peptides bound suggested that Yos9(22-421) pref- erentially binds peptides rich in leucine, arginine, and lysine (supplemental Fig. S2 ). The predilection for basic residues may be informative but should be interpreted with caution because the isoelectric point of Yos9 is 4.79.
Yos9 Binds a Model Misfolded Peptide and Protein in Solution-Although we wanted to verify the binding of peptides from the CPY* array in solution, many of the peptides attached to the array were unlikely to be soluble. Therefore, we turned to two well studied models of unfolded proteins, the peptide ⌬EspP and the protein ⌬131⌬, which are both soluble despite the fact that one is a peptide with hydrophobic character and the other exists in a predominantly unfolded state.
⌬EspP is a 24-amino acid peptide derived from a signal sequence that is "moderately hydrophobic but unusually basic" (32) . The solubility imparted by the basic residues has made it useful for studying binding by both the signal recognition particle (32) and the UPR sensor Ire1 (24) . We measured the affinity of Yos9 for ⌬EspP modified with the fluorescein derivative FAM using fluorescence anisotropy. Yos9 bound ⌬EspP-FAM with an affinity of K d ϭ 0.94 Ϯ 0.26 M when fit to a noncooperative binding curve (Fig. 3A) . The truncated version Yos9(22-421) also bound ⌬EspP-FAM (K d ϭ 2.27 Ϯ 0.58 M). The affinity of Yos9 for ⌬EspP-FAM was greater than that of BSA for the peptide (K d ϭ 3.53 Ϯ 1.25 M), and the latter interaction was weakened substantially by the addition of detergent indicating that it was likely due to nonspecific interactions.
To determine whether ⌬EspP bound Yos9 at a single saturable site, we attempted to compete fluorescently labeled ⌬EspP-FAM off of Yos9 with unlabeled ⌬EspP. When preincubating either 1 or 10 M Yos9 with 50 nM ⌬EspP-FAM and titrating ⌬EspP up to 250 M, we did not observe the decrease in anisotropy expected if ⌬EspP displaced ⌬EspP-FAM on Yos9 (addressed further below). Therefore, we turned to another model misfolded substrate, ⌬131⌬, to determine whether Yos9 contains a unique site for substrate binding and whether it binds a specific portion of the substrate.
⌬131⌬ is a 131-residue fragment of staphylococcal nuclease (149 residues in full length) that is globally unfolded but compact (27, 29, 33) . Its residual structure has been extensively characterized by NMR spectroscopy, and due to its well dispersed HSQC spectrum, one can readily map regions of ⌬131⌬ that interact with binding partners. This was recently illustrated with the chaperone Hsp90, which recognizes ⌬131⌬ via a single region (26) . We first determined whether Yos9 bound ⌬131⌬ using fluorescence anisotropy. Full-length Yos9 bound ⌬131⌬ modified with the fluorophore IAEDANS with an apparent affinity of K d ϭ 38.8 Ϯ 6.7 M (Fig. 3B) .
We next attempted to identify where Yos9 bound along the sequence of ⌬131⌬. Using NMR, we acquired an HSQC titration series of ⌬131⌬ with increasing concentrations of Yos9(22-421) (Fig. 4A ). As we added Yos9 , peaks on the ⌬131⌬ spectrum uniformly lost intensity. Using 41 unam-biguously assigned peaks, we calculated peak heights associated with ⌬131⌬ residues as increasing amounts of Yos9 were added (Fig. 4B ). The simultaneous loss of peak intensity along the entire sequence of ⌬131⌬ is consistent with either multiple nonspecific contacts between Yos9(22-421) and ⌬131⌬ or increasing aggregation as they approached equimolar concentrations.
Yos9 Forms Aggregates in the Presence of Binding Substrate-To directly assess whether Yos9 formed aggregates with ⌬131⌬, we used DLS, which can be used to derive the hydrodynamic radius of a species in solution. DLS measurements showed that Yos9, Yos9 , and ⌬131⌬ did not aggregate when alone in solution (Fig. 4C ), but when mixed at or above concentrations of 1 M they reproducibly formed large aggregates (Fig.  4D) . The aggregation is highly cooperative, as we did not observe oligomers of intermediate sizes with a range of Yos9 and ⌬131⌬ concentrations (supplemental Fig. S3 ). Yos9 also aggregated in the presence of ⌬EspP, which may explain the inability of ⌬EspP to compete ⌬EspP-FAM off of Yos9 in the anisotropy experiments. Of note, in some batches of ⌬EspP, it formed oligomers on its own, and DLS experiments with ⌬EspP should be interpreted with caution. Importantly, Yos9 did not form aggregates in the presence of BSA (Fig. 4D) .
Although it appeared that Yos9 selectively aggregated in the presence of binding substrates, we were not able to identify conditions that attenuated this process; changes in solution conditions such as salt, pH, magnesium (which stabilizes ⌬131⌬), and calcium (which stabilizes some ER-resident proteins) did not impact aggregation. We also used available structural data for a portion of Yos9 to probe the effect of targeted mutations on aggregation. The crystal structure of Yos9(226 -424) shows it arranged as a dimer in the asymmetric unit in which each monomer contains a hydrophobic groove that could potentially accommodate an extended polypeptide (30) . We reasoned that either interactions with itself through the dimer interface or with substrate through the putative binding groove could drive aggregation. We recombinantly expressed two Yos9 variants with mutations in conserved residues in either the dimer interface (F383A/L393D) or the hydrophobic groove (Y318A/L329A/I377A), and we found that both aggregated in a manner indistinguishable from wild type Yos9 (supplemental Fig. S4 ).
In an independent measure of aggregation propensity, we assessed the degree with which Yos9 and ⌬131⌬ form aggregates that can be cleared by centrifugation. Alone in solution, Yos9 and ⌬131⌬ stay in the supernatant when centrifuged, but upon mixing, some portion of each comes down in the pellet (Fig. 4E ). This was observed at concentrations as low as 1 M. Of note, although the aggregates were composed of both proteins in all cases, ⌬131⌬ was more abundant than Yos9 in the pelleted fraction. . ⌬131⌬:Yos9(22-421) molar ratios are as follows: gray, 1:0; navy, 1:0.26; purple, 1:0.53; red, 1:0.78. B, intensity of ⌬131⌬ peak height for each of the 41 assigned peaks after addition of Yos9 . Peak height was calculated as a fraction of that for ⌬131⌬ alone. C and D, DLS-derived values for the average hydrodynamic radius of the given species. E, samples of Yos9(22-421) and ⌬131⌬ alone or mixed were centrifuged and split into pellet (P) and supernatant (S) fractions.
DISCUSSION
Yos9, an essential lectin in glycoprotein ERAD, binds glycans specifically found on terminally misfolded proteins in the ER. Although this role has been characterized in a number of studies (3, 9 -11) , Yos9 also engages the protein component of misfolded proteins, whose unfolded character is necessary to affect ERAD (9, 13) . Here, we explore how Yos9 recognizes this protein determinant and the potential consequences of this interaction. To facilitate biophysical characterization of Yos9, we defined a truncated variant that is compact, ordered, and fully functional in the degradation of CPY*. Removal of the disordered C terminus via limited proteolysis gave a remarkably well defined fragment, Yos9 , that contains both portions of Yos9 for which there are known structures as follows: Yos9(226 -424) (30) and the MRH domain of the human homolog OS-9 (12) , which corresponds approximately to Yos9 residues 117-239. The truncated variant characterized here may facilitate further structural studies that address all functions of Yos9 without the potential issues incurred by the conformational flexibility of the C terminus.
Our studies show that Yos9 exhibits sequence specificity when recognizing polypeptides. Binding of Yos9 to an array of CPY*-derived peptides presented as linear epitopes revealed four regions of CPY* preferentially bound by Yos9. The existence of multiple binding sites is consistent with the previous finding that local perturbations near any of the four glycans on CPY* allow the glycan proximal to the defect to signal degradation via ERAD (6) . These perturbations may function to simply unfold CPY* sufficiently to expose linear polypeptides that are bound by Yos9 while it surveys the identity of the adjacent glycan. Because protein-glycan interactions are generally weak and involve multiple contacts to increase the avidity of binding (34), Yos9 may use unfolded protein determinants as handles with which to facilitate the interrogation of glycan structures.
Yos9 preferentially binds sequences rich in hydrophobic and basic amino acids. Although unfolded proteins are often identified via exposed hydrophobic regions that are normally buried within the core of folded proteins, the role of basic residues may not be as readily apparent. Yet, the ER Hsp70 chaperone BiP (Kar2 in yeast) is known to bind regions rich in both basic and hydrophobic residues (22, 23, (35) (36) (37) . Although work with a number of CPY/CPY* fusions has shown that Yos9 and BiP have different binding specificities (19) , Kar2 has been shown to recognize regions of CPY* involved in ERAD (6) . Thus, Yos9 and BiP/Kar2 may broadly share some of the same binding principles, which is consistent with studies showing that Yos9 retains misfolded proteins in the ER in addition to its role as a lectin (19, 20) .
Solution studies complementary to those with the peptide array revealed an unexpected characteristic of Yos9. Binding of Yos9 to a peptide, ⌬EspP, or a longer unfolded protein, ⌬131⌬, resulted in the cooperative formation of large scale aggregates.
Although aggregation complicates the interpretation of the binding data, it is an interesting phenomenon with potential functional significance. Multiple studies indicate that the oligomerization of the Hrd1 complex may play a role in the regu-lation of ERAD. Endogenous Hrd1 forms high molecular weight complexes whose formation is regulated by the transmembrane protein Usa1 (38, 39) . This oligomerization is required for ERAD of soluble glycoproteins in yeast (40) and appears to be conserved in the mammalian system in which the protein Herp binds HRD1 oligomers (41) . Although it remains unclear exactly how Hrd1 oligomerization regulates ERAD activity, it is possible that Yos9 may modulate this process when bound to substrate. The interaction of Yos9 with Hrd3 (13, 16, 38) , which interacts with and is essential for the stability of Hrd1 (17, 18) , may facilitate transfer of information from Yos9 to the Hrd1 complex.
Oligomerization also plays a central role in the regulation of another key pathway involved in responding to misfolded proteins, the UPR. Ire1, the primary sensor in the yeast UPR, is a transmembrane protein whose oligomerization in response to unfolded proteins helps activate downstream signaling pathways central to the UPR (42) (43) (44) (45) . Recently, it was shown that direct binding of peptides in vitro induces Ire1 oligomerization through a specific interface that may become exposed as a result of a substrate-induced conformational change (24) . Yos9 could employ a similar mechanism to facilitate downstream signaling to the Hrd1 complex.
In summary, Yos9 exhibits striking aggregation exclusively in the presence of its binding substrates. The physiological consequences of this process and how it may be modulated by other ERAD components such as Hrd1 and Hrd3 remain to be seen, but the structural characterization of a compact, stable Yos9 variant, such as Yos9 , is a potential starting place to elucidate its physiological roles.
